Despite the ubiquity of histones In eukaryotes and their Important role in determining the structure and function of chromatln, no detailed studies of the evolution of the histories have been reported. We have constructed phylogenetic trees for the core histones H2A, H2B, H3, and H4. Histones which form dimers (H2A/H2B and H3/H4) have very similar trees and appear to have coevolved, with the exception of the divergent sea urchin testis H2B8, for which no corresponding divergent H2As have been identified. The trees for H2A and H2B also support the theory that animals and fungi have a common ancestor. H3 and H4 are 10-fold less divergent than H2A and H2B. Three evolutionary histories are observed for hlstone variants. H2A.F/Z-type variants arose once early in evolution, while H2A.X variants arose separately, during the evolution of multicellular animals. H3.3-type variants have arisen in multiple Independent events.
INTRODUCTION
The nucleosome consists of DNA wound around a histone octamer containing two molecules each of the core histories H2A, H2B, H3, and H4. In contrast to early ideas that the histone octamer played a passive role in packaging DNA, it is now recognized that histones play a crucial role in DNA replication and transcription (see 1 -4 for recent reviews). Transcriptionally active chromatin has a different structure than inactive chromatin. Secondary modifications of histones, especially acetylation, appear important for some types of regulation. In addition, primary sequence variants of some histones may also play a role in determining chromatin structure and accessibility of the DNA to transcription (5) (6) (7) (8) (9) .
Ever since the first histone (H4) was sequenced in two diverse species (10) , it has been apparent that histone genes evolve very slowly. Therefore, evolutionary analyses of histones should be informative regarding the phylogenetic relationships of distantly related organisms. Because of their importance in chromatin structure and function, their conservation (enabling cross-species hybridization with histone gene probes), and their small size, numerous histone sequences are available, either as DNA or protein. Although compendia of histone sequences have been published (11, 12) , surprisingly no detailed analyses of histone evolution have been described. Therefore, we have carried out a complete phylogenetic analysis of the core histones. Histone sequences were identified from the DNA database GenBank and the protein database PIR; a total of 265 non-redundant complete sequences were found encompassing 71 H2As, 58 H2Bs, 73 H3s, and 63 H4s. The sequences were used to construct phylogenetic trees using the neighbor-joining method. The histones which form dimers (H2A and H2B, H3 and H4) have similar reconstructed phylogenies and appear to co-evolve. H3 and H4 are much more conserved than H2A and H2B, probably because they form a tetramer with a critical role in nucleosome formation. Three distinct evolutionary histories are observed for the quantitatively minor basal/replacement variants. H2A variants of the H2A.F/Z class arose early and are more conserved between species than the major replication dependent H2As. H3.3 variants have arisen in multiple independent events. H2A.X variants appear to have arisen once late in the evolution of multicellular organisms. Excepting the H2A.F/Z variants, the topologies of the H2A and H2B trees are similar. Protist and plant histones branch first, followed by fungi and animals, which appear to have a common ancestor. Because H3 and H4 sequences evolve on the order of 10 times more slowly than H2A and H2B, the branching order of major phylogenetic groups in these evolutionary trees is less certain.
METHODS

Phylogenetic analysis of histone protein sequences
Histone protein sequences were obtained from the Protein Identification Resources database (PIR, release 33.0, June, 1992) and by translating histone DNA sequences available in GenBank (release 77.0, June, 1993) (13) . The histone compilations of Wells (11, 12) were used as a guide. Only complete protein sequences were used. Where DNA and direct protein sequence information was available for the same organism, the translated DNA sequence was used, as many protein sequences obtained directly are mixtures of primary sequence variants.
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The compiled protein sequences were aligned using the program Pileup in the GCG Sequence Analysis package (14) , version 7.1, which uses a simplified form of the progressive sequence alignment method (15) . Evolutionary distances (d) were calculated from the proportion of amino acid identity (S) with a Poisson correction, d = -lnS. These values were used to construct phylogenetic trees by the neighbor-joining method (16) .
The histone protein alignments are available from the authors by electronic mail at marty@mag.biology.rochester.edu, or on computer diskette in Macintosh or PC format; the compiled protein sequences are available on disk in Macintosh format only. Please send a blank disk and your complete mailing address and phone number with your request.
RESULTS AND DISCUSSION
H2A and H2B have similar phylogenetic trees Neighbor-joining trees were constructed from 71 H2A protein sequences and 58 H2B sequences (Figs. 1 and 2 ). The trees are drawn using Leishmania and Trypanosome histones as outgroups since phylogenies based on rRNA sequences show that these organisms diverged from the main eukaryotic line earlier than any other organisms represented on these trees (17, 18) . With the exception of the H2A.F/Z variants (see below), the tree topologies are very similar to each other and to a eukaryotic phylogeny based on rRNA sequences (19) . Tetrahymena and plant histones branch first, followed by fungi and animals. As in the earlier study of rRNAs (19) as well as studies of alpha-and beta-tubulin (20, 21) , fungal and animal H2As and H2Bs are monophyletic; that is, there is a branch point from which all animal and fungal sequences diverge (filled circle in Figs. 1 and 2 ), implying a common ancestor. Within the fungal-animal lineage the fungi form a distinct branch, and invertebrates, vertebrates, and mammals tend to cluster together.
Although Tetrahymena and plant histones group closely on both trees, Tetrahymena H2A and H2B fall into somewhat different groupings. Tetrahymena H2A falls on a branch within the plant lineage that separates ancient (Volvax, Picea) and modern (Wheat, etc.) plants, suggesting that Tetrahymena and plants diverged at the same time. However, Tetrahymena H2B appears to have diverged prior to plant H2Bs. It should be noted that the distances separating ancient and modern plant branch points on the H2A tree ( Fig. 1) , and the distance between the Tetrahymena and plant H2B branch points ( Fig. 2 ) are relatively small compared to the sequence branch lengths. The branching order of plant and Tetrahymena H2A and H2B could be clarified by additional plant H2B sequences as well as histone sequences from other protists.
H2As and H2Bs from the same species have similar rates of evolution Since the H2A and H2B trees are drawn using the same species as an outgroup, the length of time between the outgroup branch and the end of each other branch is constant between the two trees. Thus, the length of each branch is proportional to the rate of evolution of that protein. In most cases, the rates of evolution for H2As and H2Bs from the same species are very similar. For example, the S.cerevisiae H2As and H2Bs have evolved faster than the S.pombe H2As and H2Bs. A more divergent rat testis H2A (Fig. 1, number 62 ) has a counterpart divergent testis H2B (Fig. 2, number 40 ). Since H2A and H2B interact as a dimer, it is likely that they constrain each other's freedom to evolve. However, the testis-specific H2Bs of the sea urchins (Fig. 2 , numbers 19-25) have evolved faster than other sea urchin H2Bs or H2As. No divergent sea urchin H2As have been identified. This suggests that sea urchin testis H2Bs perform an atypical function or assemble nucleosomes in such a way that they are not under the same constraint as other sea urchin H2Bs. Alternatively, divergent sea urchins H2As may exist but are yet to be discovered.
H2A replacement variants arose in a single early event and are conserved
The synthesis of most histones is coupled to the cell cycle and occurs only during DNA replication. Replication independent variants of H2 A have been identified in many organisms including mammals (H2A.Z), birds (H2A.F), sea urchins (H2A.F/Z), Drosophila (H2A.vD) and Tetrahymena (hvl). The neighborjoining analysis of H2As indicates that these replicationindependent H2A.F/Z-type variants (Fig. 1, boxed) arose once very early in evolution, and are more closely related to each other than to the major H2As from the same species. This confirms an earlier statistical analysis (22) and suggests that these variants play an important and highly conserved role in chromatin structure or function. Consistent with this are recent studies that indicate that H2A.vD is an essential gene in Drosophila (23) , that hvl (but not the major replication dependent H2A genes) is an essential gene in Tetrahymena (X.Liu and M.Gorovsky, unpublished observations), and that hvl is spatially and temporally correlated with the transcriptional competence of Tetrahymena chromatin (9) . Note that the evolution of the H2A.F/Z variants is in contrast to the replication independent variants of H3, which arose in multiple independent events (24) .
Mammals have an additional H2A replacement variant, H2A.X (Fig. 1 , numbers 53 and 54), which arose independently during vertebrate evolution. It should be noted that while the H2A.F/Z variants have core sequences which are different from the conserved cores of the major H2As, the H2A.X core region is nearly identical to that of the major vertebrate H2A. H2A.X has an unusual C-terminal region that distinguishes it from the major H2A and which contains a sequence element also found in the C-terminal regions of some H2As from lower eukaryotes (25) . The significance of this element is unknown, and it is not clear whether it arose by chance or convergent evolution, or whether it is a truly ancient conserved sequence that has been lost from most other H2As.
H3 and H4 are highly conserved
The extreme conservation of H3 and H4 is reflected in their phylogenetic trees (Figs. 3 and 4) . In both cases, a small number of sequences (30 for H3, 21 for H4) accounts for a large number of species (73 and 63, respectively). The sequences themselves are highly conserved, as indicated by the short branch lengths. In particular, there is very little diversity among plant and animal H3s and H4s. For example, the total sequence divergence between plant and animal H2A is about 10-fold as great as between plant and animal H3 (data not shown). Tetrahymena and fungal H3 and H4 are somewhat more diverse, but still much less so than their corresponding H2As and H2Bs. Note that the H3 variants (Fig. 3, boxed) appear to have arisen in independent events; this is discussed further elsewhere (24) . We should note that while the H3 tree is drawn with an evolutionary ancient sequence from Entamoeba as an outgroup, no such ancient sequence has been determined for H4, so we have drawn it using as the outgroup the H4s from the protists, which are the most divergent in this data set. Nevertheless, the structure of the two trees is remarkably similar. Tetrahymena and fungal H3 and H4 branch from these trees prior to the branching of plants and animals. This is in conflict with the branching order of trees for H2A and H2B (Figs. 1 and  2) , alpha-and beta-tubulin (20,21) and eukaryotic rRNA (19) . However, the high degree of conservation of plant and animal H3 and H4, reflected in the extremely short distances between branch points, makes assignment of evolutionary order problematic. It is likely that the (relatively) large number of differences between Tetrahymena and fungal, and plant and animal H3 and H4 has caused the divergent proteins to cluster as outgroups to the more conserved proteins. In this regard, the H2A and H2B trees (and the tubulin and rRNA trees), with their longer branch lengths, are more reliable predictors of true phylogeny. Why fungi and Tetrahymena have divergent H3 and H4 proteins is unknown. It is worth noting that the more divergent H3 and H4 in yeast and Tetrahymena could reflect reduced constraints due to reduced interactions between HI and these core proteins. Fungi lack histone HI and Tetrahymena have an unusual HI lacking a central globular core.
Histone evolution in multigene families
The organization of histone genes varies widely among eukaryotes. At one extreme, Drosophila and sea urchins have multiple tandem repeats of hundreds of histone gene clusters. At the other extreme, yeast and Tetrahymena have two or three genes encoding each histone with little clustering and no tandem repetition. Our analysis suggests that some histone proteins, such as the H2A.F/Z variants, sea urchin testis-specific H2Bs, and rat testis-specific H2A and H2B, have evolved differently than the major histories, are under different selective pressures, and therefore have different functions. In other cases where more than one histone gene has been sequenced from a given organism, the proteins are identical or nearly identical. This could be due to functional constraints in the protein or to concerted evolution, a process by which genes in large multigene families tend to become homogeneous (26) .
There is no evidence that different types of histone gene organization have influenced the evolution of histone proteins either within or among species. The two major H2As from Tetrahymena, for example, are no more different from each other than the H2As of human or mouse, and there are no consistent differences in the rates of histone protein evolution between Drosophila, sea urchins, yeast, and Tetrahymena. Because of our interest in the function of the histones per se, we have limited our analysis to the evolution of the proteins themselves. Therefore we can not comment on the effects of different patterns of gene organization on intra-species homogeneity or on the evolution of silent substitutions in histone genes. However, the functional constraint that histone proteins appear to be under might be expected to limit the allowable DNA sequence heterogeneity even without mechanisms of concerted evolution acting directly on the DNA sequences.
Histone diversity and the role of the nucleosome
The differences in the rates of evolution between H3/H4 and H2A/H2B can be rationalized in terms of current models of chromatin assembly and function (see 1,2 for reviews). During DNA replication, an (H3/H4>2 tetramer is the first particle to assemble on newly synthesized DNA, and this tetramer has been shown to position itself at the same sites as whole nucleosomes (27) . Two H2A/H2B dimers assemble later, appear to interact with transcription factors and may release or unfold from the nucleosome upon transcription (28, 29) . Thus, it is likely that H3 and H4 play critical roles in DNA binding and chromatin assembly, roles that have changed little over the course of eukaryotic evolution and which impose strict constraints on their structure. H2A and H2B, which may interact with non-histone chromatin proteins, transcription factors, and the transcription apparatus, are probably not only permitted but required to evolve to optimize interactions with other proteins as they have evolved along different eukaryotic lineages.
